Nanocrystalline vanadium nitride (VN) materials are synthesized by two different routes, namely, the urea route and the ammonia route, using various V 2 O 5 precursors obtained by citric acid-based sol-gel method. The VN nanomaterials obtained are characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and BET method. The XRD patterns show the presence of pure cubic phase with line broadening. The lattice parameters were found to be 4.1266 and 4.1136 Å for the urea route and 4.1125 and 4.1120 Å for the ammonia route using V 2 O 5 precursors heat treated at 350 and 550 °C, respectively. The estimated crystallite sizes are found to be 9 and 7 nm for the urea route and 22 and 28 nm for the ammonia route using V 2 O 5 precursors synthesized at 350 and 550 °C, respectively. The SEM images show the presence of agglomerates having particle dimensions of 115 and (300 × 15) nm for the urea route and 111 and 68 nm for the ammonia route using V 2 O 5 precursors heat treated at 350 and 550 °C, respectively. The maximum BET surface area of 57 m 2 /g was obtained for VN sample synthesized by the urea route using V 2 O 5 precursors synthesized at 350 °C. The isotherms show typical Type IV with H2 hysteresis, which is characteristic of the mesoporous particles. The production of high-surface-area nitride materials has been correlated to synthetic procedure, precursor used and formation of mesopores in the material.
INTRODUCTION
There has been an increased attention towards using transition metal nitrides for various purposes, because of their potential use in technological applications such as magnetic storage devices, catalytic applications, superconductors and super capacitors (Ningthoujam et al. 2002; Krawiec et al. 2008; SubbaReddy et al. 2008; Caicedo et al. 2011; Gao et al. 2013) . The nitride materials have superior properties compared with oxides in some aspects such as extreme hardness, metallic conductivity, mechanical strength and better chemical stability. Transition metal nitrides can be used as efficient catalysts and may offer an economically alternative solution to noble metal catalyst. However, the major challenges in this aspect are the production of high-surface-area nitrides with particle size in the nanometre scale. In addition, it is hard to characterize the materials with respect to their composition and properties (Ningthoujam et al. 2002; Krawiec et al. 2008) . The transition metal nitrides are promising alternatives to conventional noble metal catalysts such as platinum. However, only a few studies are available on metal nitrides, suggesting the difficulty involved in their synthesis and characterization. Moreover, synthesizing mesoporous nitrides with high surface area is challenging. Therefore, development of newer synthetic methods that can produce high-surface-area nitride materials in the nanometre scale merits further investigation.
In particular, vanadium nitride (VN) compounds are promising candidates for non-oxidative dehydrogenation of propane and formic acid electro-oxidation (Volpe et al. 1983; Krawiec et al. 2006) . Boudart and co-workers (Volpe et al. 1983 ) have shown that nitridation of V 2 O 5 precursors forms high-surface-area transition metal nitrides, which are suitable for catalysis. However, various studies have reported on the direct nitridation of chemically synthesized precursors (Volpe et al. 1983; Krawiec et al. 2006; Zhao et al. 2008) . The idea is that chemically synthesized precursors can form unusually high-surface-area nitrides with chemically modified surfaces, which can enhance catalytic activity. Further, depending on reaction conditions, high-surface-area VN materials can also be synthesized. Yang et al. (2012) have reported on the synthesis and catalytic properties of mesoporous VN catalyst. The VN materials with different pore sizes have been synthesized by solid-solid phase-separation method. Parkin and Elwin (2001) have reported chemical vapour deposition of VN film upon treating VCl 4 with NH 3 (g). In addition, preparation of VN using temperature-programmed reactions (TPRs) of NH 4 VO 3 with a mixture of NH 3 (g) and H 2 (g) has also been reported previously (Rodriguez et al. 2004) . The use of different precursor materials in the topotactic reaction for the synthesis of VN has been reported previously (Ningthoujam et al. 2002; Krawiec et al. 2008) . In this study, we have systematically investigated the formation of nanocrystalline and porous VN material using a new precursor route. The VN nanomaterials were produced using two different synthetic methods, namely, the urea route and the ammonia route. Chemically synthesized V 2 O 5 precursors were used as precursors and solid urea and NH 3 (g) were used as nitrogen source. The adsorption isotherm and alteration of porosity have been investigated in detail. The synthesized materials were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and their surface properties including porosity were studied. The synthetic procedure adopted for the preparation of nanocrystalline V 2 O 5 flakes is quite similar to that reported by Gao et al. (2005) . In brief, 2.514 g of ammonium vanadate (NH 4 VO 3 ; SDFCL) and 8.981 g of anhydrous citric acid (Fisher Scientific) were taken in a 1:2 molar ratio. NH 4 VO 3 was dissolved in 80 ml of distilled water in a round-bottomed flask and stirred in oil bath at 80 °C for 30 minutes. The citric acid was then dissolved in 20 ml of distilled water and slowly added to the solution of NH 4 VO 3 . The colour of the solution changes from brown to blue black. The solution was stirred at 80 °C for 4 hours in an oil bath. Next, it was evaporated on a hot plate, which results in the formation of a solid vanadium citrate complex (approximate weight of the complex is 5.95 g). The obtained xerogel precursor was heat treated under air atmosphere at various temperatures and time to obtain the V 2 O 5 precursor. The V 2 O 5 precursors obtained by heat treatment of the xerogel at 350 and 550 °C for the 4-hour duration were used for nitridation experiments.
EXPERIMENTAL ANALYSIS

Synthesis of VN by Urea Route
Urea has been identified as a source of nitrogen for the preparation of transition metal nitrides (Qiu and Gao 2003; Giordano et al. 2009 ). In a typical synthesis, metal precursors are mixed with urea at different molar ratios and heat treated under inert gas atmosphere. In our synthesis, 0.4 g of each of the V 2 O 5 precursors synthesized at 350 and 550 °C by citric acid-based so-gel method was mixed with 2.38 g of urea at the molar ratio of 1:18. The resulting mixture was heated in an alumina boat, which was placed in a quartz tubular furnace under nitrogen (g) atmosphere at various temperatures and time durations. The heating ramp was maintained at 3.6 °C /minute.
Synthesis of VN by Nitridation Using NH 3 (g)
Each of 0.45 g of the synthesized V 2 O 5 precursors obtained at 350 and 550 °C was loaded into the quartz tube of 1 cm diameter and kept in the vertical furnace. The precursor materials were suspended in the middle of the quartz tubular reactor and NH 3 (g) was passed through the solid materials. The precursor was nitrided using a flow of NH 3 (g) at various temperatures and time. The heating rate was maintained at 3.8 °C/minute. The furnace was cooled naturally to room temperature under an atmosphere of flowing ammonia before being exposed to the air of the atmosphere.
Instrumental Characterization
The XRD patterns were recorded using a powder X-ray diffractometer (Miniflex-II) using Cu-K a radiation at a scanning speed of 3°/minute. The phase purity was ascertained using XRD. The crystallite size was analyzed using Scherrer equation t = 0.9l/(B Cosq), where t is the crystal size; l is the wave length of X-ray; B is the full width at half maximum; q is the diffraction angle (Culity 1956). While analyzing the crystallite size, broadening of the XRD line due to the lattice strain effect has not been considered (Monshi et al. 2012) . The shape, size and morphology of the VN materials were examined by SEM (Jeol JSM 6390). Nitrogen physisorption experiments were performed using a physisorption apparatus (Micromeritics Gemini VII). The VN samples were activated at 250 °C for 1 hour using high-purity N 2 . Figure 1 shows the indexed XRD pattern of the synthesized V 2 O 5 precursor by citric acid-assisted sol-gel method. The XRD patterns were indexed in accordance with the orthorhombic crystal structure (JCPDS No. 89-2483) , which has been reported previously (Gao et al. 2005) . The XRD patterns show phase-pure V 2 O 5 materials having average crystallite sizes equal to 27 and 39 nm for 350 and 550 °C heat-treated samples, respectively. It has already been established that V 2 O 5 materials synthesized by citric acid-assisted sol-gel method are nanocrystalline in nature with a layered flakes morphology (Gao et al. 2005) . In this study, we have exploited the idea of using the aforementioned precursors for nitridation reaction. (Volpe et al. 1983). The XRD peak assignment, observed interplanar spacing and calculated interplanar spacing are summarized in Table 1 . The calculated lattice parameters and crystallite size for VN synthesized by these two different routes and two different precursors heat treated at 350 and 550 °C are presented in Table 2 . The XRD lines are broad, indicating the ultrafine nature of the materials. The crystallite size obtained by XRD is the diameter of the nanocrystal core, which may not correspond to the nanoparticle size. The estimated crystallite sizes of VN nanomaterials synthesized from precursors obtained at 350 and 550 °C by the two different routes (the urea route and the ammonia route) are found to be 9 and 7 nm and 22 and 28 nm, respectively. The VN materials crystallize with face-centred cubic structure with lattice parameters, which are found to be 4.1266 and 4.1136 Å for the urea route using precursors treated at 350 and 550 °C, respectively. Similarly for the ammonia route, the lattice parameters are found to be 4.1125 and 4.1120 Å using precursors treated at 350 and 550 °C, respectively. The observed lattice parameters are comparable to the literature reported values of 4.138 Å (Krawiec et al. 2008 ).
RESULTS AND DISCUSSION
XRD Study of VN Nanomaterials
SEM Study
The typical SEM images of VN nanomaterials synthesized by the urea route and the ammonia route using different precursors synthesized at 350 and 550 °C are presented in Figures 3(a-d) .
The SEM images of VN samples synthesized by the urea route show different morphologies of particles. Figure 3(a) shows oval-shaped particles having an SEM particle size of 115 nm, whereas Figure 3 (c) shows elongated particles having a dimension of 300 × 15 nm. Figure 3(b) shows an SEM micrograph of VN nanoparticles having a spherical particle size with a diameter of 111 nm. Figure 3(d) shows spherical particles with a diameter of 68 nm. The SEM particle sizes were found to be bigger than the estimated crystallite sizes ( Table 2) , because of the fact that several crystallites can form agglomerates. Such kinds of observations have already been reported and are not uncommon in the literature (Krawiec et al. 2008; Dalavi et al. 2013) . 
BET Surface Area of VN Materials
The specific surface area of VN samples prepared by the urea route using V 2 O 5 precursors heat treated at 350 and 550 °C was found to be 57 and 11 m 2 /g. The BET surface area of VN samples prepared by the ammonia route using V 2 O 5 precursors heat treated at 350 and 550 °C was found to be 15 and 39 m 2 /g. The VN materials obtained by the urea route using V 2 O 5 precursor heat treated at 350 °C have a high surface area of 57 m 2 /g. However, VN materials synthesized by the same route using precursor heat treated at 550 °C have a surface area of 11 m 2 /g only. By contrast, VN materials synthesized by the ammonia route using V 2 O 5 precursor heat treated at 550 °C have a high surface area of 39 m 2 /g, whereas those obtained using the precursor heat treated at 350 °C have a surface area of 15 m 2 /g. Assuming a spherical particle dimension, particle diameter can be calculated using the relation, d = 6/rs × 1000, where 'd' is the average diameter (nm) of the particle; 'r' is the density (g/cc) and 's' is the specific surface area (m 2 /g) (Brunauer et al. 1938) . By applying the theoretical value of 6.13 g/cc for density 'r', the particle diameters for the sample prepared by the urea route and the ammonia route were 17 and 89 nm and 65 and 25 nm using V 2 O 5 precursors heat treated at 350 and 550 °C, respectively. The BET particle sizes were larger than the XRD crystallite size and smaller than the SEM particle size ( Table 2 ). The calculated BET particle sizes do not correspond well to the XRD crystallite size and SEM size. This can be attributed to the presence of agglomerates and different pore structures in the VN material. It is to be noted that the lattice strain also produces additional broadening in the XRD pattern. It has been already reported that TPR of V 2 O 5 is a simple procedure to produce high-surface-area materials (Kwon et al. 1999; Glushenkov et al. 2010 ). Synthesis of high-surface-area VN is also dependent on the heating ramp used for the synthesis, which was uniform in our procedure. The VN materials having surface area of 57 and 39 m 2 /g could be obtained using a heating rate of 3.6 K/minute. We anticipate that decreasing the rate by 0.5 K/minute may produce VN materials with very high surface area. The use of nanocrystalline V 2 O 5 precursor having particle dimensions of 27 and 39 nm obtained by heat treating the sample at 350 and 550 °C can also be attributed to the production of high-surface-area materials. Krawiec et al. (2006) obtained a specific surface area of 90 m 2 /g using a low heating rate of 1.66 K/minute with a high flow of ammonia.
Adsorption Isotherms and Porosity
Figures 4(a and b) and 5(a and b) represent the adsorption and desorption isotherms at 77 K obtained for VN materials synthesized by the urea route and the ammonia route using V 2 O 5 precursors heat treated at 350 and 550 °C, respectively. The insets in Figures 4 and 5 show the pore diameter distribution of VN nanomaterials. The N 2 adsorption at low relative pressure is negligible. Therefore, it can be concluded that the contribution of micropores to the total pore volume is low. The isotherms are typically Type IV with H2 hysteresis behaviour, which is characteristic of the mesoporous particles (Theocharis et al. 2008; Zhao et al. 2008; Wu et al. 2012; Gao et al. 2013) . The mesoporous behaviour is accompanied by an initial stiff increase in the value of adsorption having the inflexion point approximately at P/P 0 = 0.5, and thereafter a linear increase up to 0.99. However, for VN synthesized by the urea route, the jump occurs at higher values of P/P 0 , that is, 0.9 [ Figure 4(b) ]. The jump at approximately 0.5 corresponds to capillary condensation and the pressure of hysteresis in the desorption branch shows interparticle mesoporosity. The pore diameter distribution curve for VN samples synthesized by the urea route [ Figure 4 (a)] shows the presence of macropores (50-250 nm; Sing et al. 1985) . The peak positions in the pore-size distribution curves are depicted in Figures 4(a and b) and are centred at 4 and 189 nm for VN materials synthesized by the urea route using V 2 O 5 precursors heat treated at 350 and 550 °C, respectively. The size of mesopores for the VN sample synthesized by the ammonia route using V 2 O 5 precursors heat treated at 350 and 550 °C is in the range of 2-10 nm and 10-50 nm [ Figures 5(a and b) ], respectively. The peaks are centred at 33 and 9 nm for VN materials synthesized by the ammonia route using V 2 O 5 precursors heat treated at 350 and 550 °C, respectively. All these data confirm the mesoporous behaviour of our materials. The mesoporous structure might be due to the nitridation reaction and the presence of carbon impurity in the precursor materials (Zhou et al. 2011) . These results indicate that production of high-surface-area VN materials is dependent on chemically synthesized precursor. In addition, the adsorption results can be correlated to the observation of macropores in the material. For example, the absence of macropores in the VN product leads to high-surface-area materials irrespective of the synthetic route and precursor used. 
CONCLUSION
High-surface-area nanocrystalline VN samples have been prepared by a chemical synthesis route. The XRD patterns show the formation of pure cubic-phase samples of VN materials having lattice parameters of 4.1136 and 4.1266 Å for the urea route and 4.1120 and 4.1125 Å for the ammonia route, which are prepared using V 2 O 5 precursors heat treated at 550 and 350 °C, respectively. The SEM images show agglomerates of dimension (300 × 15) nm and 115 nm for the urea route, and 68 and 111 nm for the ammonia route using V 2 O 5 precursors heat treated at 550 and 350 °C, respectively. The BET isotherms show the typical Type IV with H2 hysteresis and indicate mesoporous behaviour. The maximum BET surface area for the VN sample was found to be 57 m 2 /g for the material synthesized by the urea route using V 2 O 5 precursors heat treated at 350 °C. In summary, we have synthesized porous VN with remarkably high surface area by a newer precursor route. The method may be useful for the production of several other VN-based bimetallic nitrides with high surface area and enhanced porosity. 
